Abstract. The magnetic properties of three epitaxial La 0.7 Sr 0.3 MnO 3 films of thickness 5, 15 and 40 nm grown on SrTiO 3 (001) substrates were investigated. The structural transition of the SrTiO 3 substrate induces a magnetic transition in the manganite films due to magnetoelastic coupling. Below the temperature of the structural transition additional steps in the magnetization reversal characteristics appear characterized by clearly defined coercive fields. These additional coercive fields depend on the cooling history of the sample and are related to the formation of structural domains in the La 0.7 Sr 0.3 MnO 3 films induced by the substrate.
Introduction
Manganite films of the type La 0.7 Sr 0.3 MnO 3 (LSMO) continue to attract considerable research interest due to the strong spin-charge-phonon coupling [1] . In the field of multiferroics this leads to potential applications of manganites in heterostructures and especially to the electric control of their magnetic properties [2, 3] . It is well established that both the resistivity and magnetization of LSMO films grown on BaTiO 3 substrates undergo large changes at the firstorder structural phase transitions of BaTiO 3 at 278 and 183 K [2, 4] . The influence of the structural phase transition at 105 K in SrTiO 3 (STO) is less well studied, although SrTiO 3 is a standard substrate for manganite film growth. SrTiO 3 undergoes a second-order phase transition at about 105 K from a high temperature cubic (Pm3m) to a low temperature tetragonal (I4/mcm) phase [5, 6] . It was shown that twinning in the substrate crystal in the tetragonal phase induces twinning in a rather thick La 0.67 Ca 0.33 MnO 3 (LCMO) film grown on it [7] . The twinning in the LCMO film was interpreted as arising from a structural transition from a tetragonal high temperature to a low temperature orthorhombic, bulk-like phase induced by the effective stress exerted by the substrate [7] . The evolution of this phase on cooling through the structural transition was not studied. In another study the influence of the cubic to rhombohedral phase transition in LaAlO 3 on the structural and magnetic properties of La 0.7 Sr 0.3 MnO 3 films was investigated [8] . However, since the structural transition in LaAlO 3 occurs at about 813 K, the influence of the transition on the ferromagnetism cannot be studied directly in this film-substrate system.
Here, the magnetic properties of three LSMO films were measured near the temperature T S of the structural transition in the SrTiO 3 crystals used as substrates. This study was possible by two means: (i) the growth of very smooth LSMO films that are magnetically extraordinarily soft and (ii) by the use of high-resolution ac-susceptometry that allows for an accurate determination of the coercive fields. This study differs from the one in [7] in two ways: firstly, by the use of LSMO films instead of LCMO with LSMO being rhombohedral in the bulk and secondly, by the choice of thin films that were fully strained.
Experimental details
Epitaxial LSMO films were fabricated by pulsed-laser deposition using a KrF excimer laser operating at 248 nm, a ceramic LSMO target and vicinal (miscut angle 0.1
• -0.2 • ) SrTiO 3 (001) single crystals as substrates [9] . Growth temperature was 600
• C and oxygen partial pressure 0.3 mbar; the films were cooled down in 1 bar O 2 . The films were characterized by x-ray diffractometry, atomic force microscopy (AFM) and transmission electron microscopy (TEM). In-plane lattice constants were determined from reciprocal space mapping around the (204) SrTiO 3 reflection, out-of-plane lattice constants were calculated from -2 -scans. The fundamental and higher harmonic ac-susceptibility χ n = χ n -iχ n was measured with a Lakeshore (ACS7000) susceptometer operating with a maximum value of the ac-field amplitude H ac of 1.8 mT; the frequency was chosen at 667 Hz. Magnetic fields were applied in-plane along the [100]-direction, which is defined as the longer side of the rectangular samples. Here only data of the first χ 1 and third χ 3 harmonic susceptibility are presented. Three LSMO films of thickness 40, 15 and 5 nm as determined from deposition time and checked by TEM were investigated, see table 1. 
Results and discussion
X-ray diffractometry was used to study the strain state of the samples. Reciprocal space mapping around the (204) SrTiO 3 reflection of sample LS40 clearly showed that this sample was strained with in-plane lattice constants identical to that of the STO substrate, see table 1 [10] . -2 -scans of samples LS40 and LS15 yielded out-of-plane lattice constants of about c = 0.385 nm; for the in-plane lattice parameter of LS15 and the lattice constants of LS05 no data could be obtained due to the weak x-ray scattering intensity. Since the c/a ratio of films under tensile strain decreases with decreasing thickness [10] , the lattice parameters obtained on LS40 assure that c/a < 0.987 for the three samples, which thus show tetragonal symmetry induced by the substrate. Figure 1 shows AFM images of 4 × 4 µm 2 regions of samples LS15 and LS40. In the case of sample LS15, clear terraces with a width of about 200 nm and a height of one unit cell can be seen (step-flow growth regime) similar to the results on the growth of PbZr 0.2 Ti 0.8 O 3 films [9] . The film was very smooth with a root-mean-square (rms) roughness below 0.2 nm. Sample LS40 still showed indications of step-flow growth, see figure 1(b), but the structure is more grainy with the nucleation of islands being visible. The rms roughness of this film was slightly increased to 0.26 nm. All films were continuous; see [11] for further details on film preparation.
A standard magnetic characterization was performed by SQUID magnetometry with the values of the Curie temperature T C and the saturation magnetization M S determined from the field-cooled magnetization in a field of 0.1 T. Within the experimental error the saturation magnetization is independent of film thickness, whereas the Curie temperature decreases significantly, see table 1. The loss component χ 1 of the films is shown in figure 2 as a function of temperature for ac-field amplitudes between 0.8 and 1.8 mT. The striking feature in these data is the presence of a magnetic transition independent of the ac-field amplitude in samples LS40 and LS15 at about 104 K. This appears only in the susceptibility measured with ac-field amplitudes larger than the coercive field and indicates a change in the domain-wall mobility at this temperature. Since this is very close to the literature value for the structural transition temperature T S in SrTiO 3 [6] , it is natural to relate the change in the domain-wall mobility to the appearance of structural domains in the LSMO films induced by the substrate deformation. Indeed twinning was observed in La 0.67 Ca 0.33 MnO 3 films on SrTiO 3 below 105 K [7] . The situation in the thinnest film LS05 is different with the maximum in χ 1 shifting to lower temperatures with increasing H ac . This indicates that another coercivity mechanism is active in this film.
In order to elucidate the magnetoelastic transition at T S in more detail, measurements of χ 1 and χ 3 as a function of the ac-field amplitude H ac were performed in the temperature region near T S . Figure 3 shows the (a) real and (b) imaginary components of χ 3 for sample LS05. On cooling through T S the form of the susceptibility curves changes drastically becoming much broader and developing a clear triple transition. Similar broadening and splitting of the transition is also seen for the other samples. This is interpreted as arising from an inhomogeneous sample state consisting of magnetic regions with different coercive fields. The inflection points in χ 3 , as indicated by the arrows in figure 3(b) can be used to determine the coercive fields [12] from this analysis: (i) below T S additional coercive fields appear with a lower and an upper coercive field branch emerging (where the upper one cannot be detected in sample LS05 due to limitations on the maximum ac-field amplitude), (ii) for the thinner films already above T S two coercive fields are seen (for sample LS05 above T S there is a tiny shoulder to the main transition barely observable in figure 3(b) ). Moreover, the temperature dependence of H c is considerably stronger for sample LS05 which also points towards an additional coercivity mechanism being active in this film. On general grounds one might expect that the behaviour of the sample LS05 differs from that of the thicker films, since it is close to the orbitally ordered phase of thin LSMO films that appears below a critical thickness of about 3-4 nm [13, 14] . Figure 5 shows the loss component χ 1 of sample LS15 at (a) 80 K and (b) 100 K after two subsequent cooldowns from 320 K. Whereas the curves at 100 K are well reproducible, at 80 K a clear dependence on the history of the sample is seen. This is interpreted as arising from the different twin-domain structures formed in the SrTiO 3 crystal in different cooldowns.
The high structural quality of the LSMO films is reflected in their low coercive fields. The evolution of the coercive field with temperature and film thickness suggests that both the formation of structural domains below the structural transition of the substrate as well as the microstructure of the films influence domain-wall mobility and/or magnetic domain nucleation. The thinner films LS05 and LS15 both show two coercive field branches in the complete temperature regime. Since these films show clear step-flow growth and since it is known that step edges introduce an anisotropic domain-wall mobility [15] , it is tempting to relate these two coercive field branches to the influence of the step-edge pattern. This has not been further studied in detail in these films, since the main focus of the investigation was on the effects of the 7 structural transition on the magnetic properties. Moreover, the detailed three-dimensional strain states of the films might further influence the coercivity [16] . Sample LS05 shows a considerable temperature dependence of the coercive field and a clear break in slope of the main coercivity branches at the structural transition, see figure 4(c). This is interpreted as a coupling between the structural distortion and other coercivity mechanisms.
The main effect of the structural distortion of the STO substrate on the magnetic properties of the LSMO films is the appearance of two additional coercivity branches below T S , see figure 4 . In magneto-optical studies [7] of La 0.67 Ca 0.33 MnO 3 films on SrTiO 3 twinning of the LCMO films was observed in the magnetic contrast with the LCMO twin domains lying under 45
• to the STO structural domains. This was interpreted as a transition of the LCMO film to an orthorhombic, bulk-like phase below T S [7] . This interpretation does not apply here, since LSMO is not orthorhombic in the bulk and since the films are fully strained and therefore clamped to the substrate.
Here, we propose a different interpretation. It is well known that the manganite films under tensile film-substrate stress develop a magnetic easy-plane anisotropy within the film plane, whereas the compressive stress leads to a magnetic easy direction along the surface normal [10, 17] . This suggests that an elongation of the pseudo-cubic manganite cell leads to a softening of the magnetic anisotropy along that direction and vice versa for a contraction. It has further been shown that the STO crystals develop crystallographic microdomains below T S with either the c-axis or the a-axis along the surface normal [6] . The a-axis domains will certainly be twinned as observed in [7] . There are thus three independent directions for the substrate c-axis, i.e. parallel to the substrate normal, perpendicular to the substrate normal parallel to the ac-field H ac and perpendicular to both the substrate normal and ac-field.
In samples LS40 and LS15, one coercive field branch is unaffected by the structural transformation, whereas the other two are either magnetically softer or harder. The formation of these coercivity branches might now be directly related to the formation of the three differently oriented crystallographic domains. In the first, the c-axis of the tetragonal STO structure is oriented along the substrate normal, not significantly affecting the coercive field, whereas the magnetically softer and harder coercivity branches correspond to crystallographic domains with the STO c-axis in-plane either parallel or perpendicular to the ac-field direction.
Conclusions
In summary, the changes in the magnetic properties of LSMO films induced by the structural transition of the SrTiO 3 substrates were studied. The formation of structural domains in the LSMO films induced by the substrate leads to a gradual splitting of the coercive field into three branches corresponding to the three STO c-axis orientations inducing these domains with respect to the magnetic field.
